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Two-dimensional particle-in-cell simulations have been carried out to study electron9

beta dependence of decaying whistler turbulence and electron heating. Initially ap-10

plied whistler fluctuations in relatively long wavelengths cascades their fluctuation11

energy into shorter wavelengths. The development leads to whistler turbulence with12

anisotropic wavenumber spectra which are broader in directions perpendicular to the13

magnetic field than in the parallel direction. Comparing development of whistler14

turbulence at different electron beta values, it is found that the anisotropy of the15

wavenumber spectrum and relative electron heating decreases with increasing beta.16

The effective dissipation of obliquely propagating whistlers reduces the perpendicu-17

lar energy cascade of whistler turbulence. As a result, energy dissipation by electron18

Landau damping responsible for the electron parallel heating becomes weaker at19

higher beta values. Therefore, at high beta, like conditions in the solar wind at 1AU,20

electron kinetic processes are important in determining the properties of whistler tur-21

bulence. This kinetic property is applied to discuss the generation of suprathermal22

strahl electron distributions in the solar wind.23
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I. INTRODUCTION27

Solar wind magnetic turbulence is observed to have power law energy spectra in frequency28

observed in a spacecraft frame of reference f ′. In the magnetohydrodynamics (MHD) regime29

where f ′ is less than 0.1Hz, the spectral index is frequently close to −5/31,2. Because of the30

power-law similarity with isotropic neutral fluid turbulence which also has the index −5/3,31

the MHD range in the solar wind turbulence is termed the inertial range. The spatial scales32

of the inertial range are longer than the proton inertial length λp or the proton Larmor33

length ρp which correspond to f ′ < 0.1Hz, assuming the Taylor frozen-in-flow hypothesis.34

The energy cascade of solar wind turbulence transfers its energy in the inertial range35

into a short scale turbulence range which is usually observed at f ′ > 0.1Hz. The magnetic36

spectrum at the short scales has a spectral breakpoint, and is usually steeper than the37

inertial range1,3,4. Some earlier papers describe the steep energy spectra as ”dissipation38

range” again because of a similarity with fluid turbulence. The MHD cascade supplies39

its fluctuation energy into the dissipation range, and the energy is transferred into plasma40

thermal energy there.41

Indeed, without dissipation of the MHD turbulence, it is difficult to explain the radial42

trends of solar wind temperatures. Marsch et al. 5 showed that the proton temperature43

has a flatter power-law dependence over radial distance R between 0.3 and 1 AU than the44

dependence R−2 which one would expect if the first adiabatic invariant of the protons were45

conserved. Further they found the proton temperature anisotropy T⊥,p > T‖,p, where T⊥,p46

and T‖,p are proton temperature perpendicular and parallel to the background magnetic47

field, respectively. The observational results strongly suggest that perpendicular proton48

heating occurs in the solar wind. This could be a signature of pitch angle scattering through49

wave-particle interactions between parallel-propagating Alfvénic fluctuations and protons.50

However, as concluded by Leamon et al. 3 , parallel-propagating Alfvén cyclotron fluctuations51

are inconsistent with the observational data at short scales. This suggests that the short scale52

regime consist of other weakly damped fluctuations, such as kinetic Alfvén3 and whistler53

fluctuations6. Gary and Smith 6 have used linear theory to conclude that both whistler and54

kinetic Alfvén modes between proton inertial and electron inertial scale probably contribute55

to the short scale turbulence in the solar wind. Both fluctuations are dispersive at such56

scales, so this regime has also been called the ”dispersion range”.57
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Recent solar wind observations show that the dispersion range of magnetic spectra extends58

into the electron scales. Sahraoui et al. 7,8 found a second spectral break at ∼ λe or ∼ ρe59

with still steeper magnetic spectrum beyond those scales. They argue that kinetic Alfvén60

turbulence is responsible for the dispersion range in the solar wind at 1AU, and electron61

Landau damping dissipates the fluctuation energy at scales beyond the second spectral62

breakpoint. Gyrokinetic simulations for kinetic Alfvén turbulence at scales longer than63

the dissipation scales show a steep magnetic spectrum with spectral index ∼ −2.6 which64

corresponds to the observations of solar wind turbulence at 1AU4,7. Leamon et al. 3 have also65

suggested that the kinetic Alfvén fluctuations are in the dispersion range; however, Podesta66

et al. 9 argue that such fluctuations cannot reach electron scales in the solar wind at 1AU67

because of their dissipation. This suggests that whistler fluctuations that have relatively68

weak damping close to the electron scales can be responsible for the very steep magnetic69

spectrum beyond the second spectral break. So whistlers may have an important role to70

heat electrons at the end of the dispersion range.71

Some studies of homogeneous whistler turbulence have used the electron magnetohydro-72

dynamics (EMHD) model. This model describes plasma behavior at wavelengths shorter73

than the ion inertial length λi, and assumes the ions are at rest and the electrons are rep-74

resented as a single fluid. Under the EMHD model, computer simulations show a forward75

cascade of an initial ensemble of relatively long-wavelength whistlers to larger wavenum-76

bers, yielding omnidirectional magnetic energy spectra which scale as ∝ k−7/3 in both77

two-dimensional10,11 and three-dimensional simulations12,13 over |kλe| < 1. Furthermore,78

both analytic theories14 and computations13 show that whistler turbulence in the magne-79

tized EMHD model is anisotropic in wavenumber space, evolving to a state in which there is80

more magnetic fluctuation energy at wavevectors relatively perpendicular to the background81

magnetic field than parallel.82

The EMHD model does not represent the kinetic properties of the electrons, and there-83

fore cannot describe the consequences of collisionless processes such as Landau or cyclotron84

damping. Generally kinetic processes are sensitive to changes in the plasma environment85

such as the ratio of plasma thermal and magnetic field energies, defined as the plasma beta.86

At higher beta whistler waves are more easily dissipated at electron scales. Therefore, the87

EMHD model is not suitable to demonstrate electron heating by whistler turbulence in the88

solar wind which has a variable beta. In contrast particle-in-cell (PIC) simulations com-89
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pute velocity-space dynamics of both electrons and ions, and thus provide insight into how90

such processes contribute to plasma evolution. Recent two-dimensional PIC simulations15–1991

considered the evolution of whistler turbulence in homogeneous, collisionless, magnetized92

plasmas. In each case a spectrum of relatively long wavelength whistlers (|kλe| < 0.2) is im-93

posed as an initial condition, and the fluctuations are allowed to freely decay in time. Each94

exhibits the development of an anisotropic broad band turbulent spectrum via a forward95

cascade which consistently leads to short wavelength fluctuations propagating perpendicu-96

larly or quasi-perpendicularly to the background magnetic field. These PIC simulations15,1697

at electron beta βe = 0.1 show the anisotropic wavenumber spectra and anisotropic electron98

heating through electron Landau resonance which preferentially increases thermal energy99

parallel to the background magnetic field. Saito et al. 18 have done a simulation at βe = 0.01100

where wave-particle dissipation is weak. They found a more anisotropic wavenumber spec-101

trum than at βe = 0.1. All of these runs show results qualitatively similar to those from the102

EMHD models.103

Here two-dimensional particle-in-cell simulations of whistler turbulence are carried out104

in a collisionless, homogeneous, magnetized plasma at three plasma beta values, in order105

to study the role of whistler turbulence on electron heating in the solar wind that has a106

variable plasma beta. Our simulation results show that at higher plasma beta values the107

magnetic energy cascade in the perpendicular direction becomes weaker and leads to more108

isotropic wavenumber spectra. Dissipated fluctuation energy heats electrons and increases109

their kinetic energy. We have found that the electron energy gains parallel and perpendicular110

to the magnetic field become comparable at high beta.111

II. SIMULATION MODEL AND PARAMETERS112

We have done two-dimensional and three-velocity (2D3V) relativistic electromagnetic113

particle-in-cell simulations, using the TRISTAN code20. This simulation model solves the114

full kinetic properties of the plasma using Maxwell equations for electromagnetic fields and115

the equations of motion for both electrons and protons. Wave-particle interactions are fully116

calculated in this model, contrary to fluid simulations such as MHD and EMHD model.117

We use 1024× 1024 grid points in the two-dimensional simulation box on the x-y plane,118

where the periodic boundary condition for the two directions is imposed on particles and119
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fields. The z direction is defined as the direction perpendicular to the two-dimensional plane.120

A grid cell size ∆ is same everywhere in the simulation box. The number of electron-proton121

pairs in the cell is 64, so the total number of pairs is about 6.7 × 107. We define the light122

speed, particle mass, thermal speed, plasma frequency, and cyclotron frequency as c, mj ,123

vt,j , ωj, and Ωj . A subscript ”j” indicates electron (j = e) or proton (j = p) species. The124

mass ratio of electron and proton is mp/me = 1836. The Debye length vt,j/ωj of electrons125

and protons are comparable to the grid cell size, when the electron temperature is same126

as proton Tp = Te. The electron and proton inertial lengths are λe = c/ωe = 10∆ and127

λp = c/ωp =
√
1836λe respectively. The simulation time step is δt = 0.05/ωe. We use128

relatively large electron thermal speed vt,e = 0.1c to reduce calculation costs. To study129

plasma beta dependence of whistler turbulence, we use different values of the background130

magnetic field B0 along x direction.131

We impose 42 right-hand polarized whistler fluctuations at t=0 in the two-dimensional132

simulation box. Wavenumbers of the fluctuations are kxλe = ±0.0613m, kyλe = 0, and133

kyλe = ±0.0613m (m=1-3). Frequencies of the imposed fluctuations are derived from the134

linear dispersion relation in a homogeneous collisionless plasma. The fluctuating magnetic135

field δBn, electric field δEn, and electric current density δJn of each mode satisfy Faraday’s136

and Ampere’s equations. Here the subscript n is the mode number. The electrostatic137

component of obliquely propagating whistler fluctuations at t=0 is neglected to make a more138

simple initial condition. The energy composition of electrostatic fluctuations is quite weak139

compared with the electromagnetic, so we expect that self-consist electrostatic component140

must be generated during a short time scale such as a few plasma periods. Under this141

condition, Saito et al. 16 have demonstrated that whistler fluctuations keep linear dispersion142

properties after whistler turbulence is well developed. The electric current density is carried143

only by electrons, assuming that protons are at rest due to their large inertia in this relatively144

high frequency regime. At t=0, each fluctuation has an equal fluctuating amplitude, while145

phases are chosen using a uniform random function. The initial magnetic field energy relative146

to the background magnetic field energy is defined as εB =
∑42

n=1 (|Bn|2/B2
o).147
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III. PARTICLE-IN-CELL SIMULATION RESULTS148

In this section, we show simulation results of decaying whistler turbulence with εB = 0.1149

in electron beta values βe = 0.01, 0.1, and 1.0.150

A. Beta dependence of decaying whistler turbulence151

Figure 1 shows time histories of magnetic fluctuation energy152

EB =
∑ |δB(kx, ky)|2

B2
0

, (1)153

summed over wavenumbers 0.3 ≤ k ≤ 3.0 in βe = 0.01 (green), 0.1 (blue), and 1.0 (red).154

Here wavenumber k is
√

k2
x + k2

y. Since the wavenumber range excludes initially applied155

whistlers, Figure 1 indicates the time development of the forward cascaded magnetic fluc-156

tuation energy. The cascaded energy increases in early phase of all three simulations, but157

the dissipation at short wavelengths decreases the fluctuation energy at later times. As the158

plasma beta increases, much less fluctuation energy is available to maintain the cascading159

short wavelength fluctuations. The relatively high plasma beta provides strong dissipation160

and small energy cascade rate (because the magnetic fluctuation energy |B2 = εBB2
0 | is161

smaller at higher beta values), so the cascaded magnetic fluctuation energy is smaller than162

the corresponding energy in the lower beta values. The fluctuation energies are almost163

saturated at |Ωe|t ∼ 500, 2000, and 3000 at βe = 1.0, 0.1, and 0.01 respectively.164

Figure 2 shows two-dimensional wavenumber spectra of magnetic fluctuation energy165

|δB(kx, ky)|2/B2
0 for the same three simulations at the saturated times as seen in Figure166

1. Here the color contours are in log-scale. The two-dimensional wavenumber spectra show167

anisotropic features that preferentially transfer their fluctuation energy into the ky direction.168

The anisotropic feature becomes less clear at larger beta values. The kx spectra at small ky169

are similar in the three cases, but the ky spectra at small kx become narrow with increasing170

beta. This indicates that the anisotropy of wavenumber space decreases with increasing171

beta.172

Figure 3 shows time histories of wavenumber spectral anisotropy for the three simulations,173

which is defined as21174

tan2 θB =

∑

k k
2
y|δB(kx, ky)|2

∑

k k
2
x|δB(kx, ky)|2

. (2)175
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where θB is spectral anisotropy angle. The time histories of the anisotropy tan2 θB for176

all three simulations are saturated at late times which almost correspond to the saturated177

times of cascaded magnetic fluctuation energy seen in Figure 1. The saturated value of the178

anisotropy decreases with increasing beta, indicating that the wavenumber spectra become179

more isotropic at larger beta values as seen in Figure 2. Electron cyclotron damping is180

predominantly a function of kx, whereas electron Landau damping is a function of both181

kx and ky, so Figure 2 and 3 clearly demonstrate that the increasing beta corresponds182

to the increase of electron Landau damping. Fluctuation energies dissipated through the183

electron Landau and electron cyclotron damping heats electrons in both the parallel and184

perpendicular directions.185

B. Beta dependence of electron heating186

Figure 4 shows reduced electron velocity distributions fe(vx, t) and fe(vy, t) at t = 0 (red187

solids) and late times (blue dashed) for the same three simulations. These are normalized188

to the maximum value of the distribution at t = 0. Both parallel and perpendicular electron189

heating occur at late times. The electron Landau damping associated with the obliquely190

propagating whistlers scatters electrons in the parallel direction, so the parallel heating is191

more effective than perpendicular heating in the anisotropic whistler turbulence. The initial192

magnetic fluctuation energy |δB|2 = εBB2
0 relative to the electron kinetic energy density193

meκBTe becomes smaller at higher beta values, so the overall heating is weaker, as seen in194

the reduced velocity distributions.195

Figure 5 shows the anisotropic heating ratio of electrons for the three simulations defined196

as197

ηe =
(Ke,y −K0,e,y) + (Ke,z −K0,e,z)

2(Ke,x −K0,e,x)
(3)198

where Ke is the electron kinetic energy summed over all electrons. Subscripts ”0” indi-199

cates the kinetic energy at t = 0. The denominator is close to be zero in early phase, so200

we plot this at Ωet > 200. This panel clearly shows that the electron heating by whistler201

turbulence is more isotropic at higher beta values. The anisotropic heating ratio gradually202

increases in time. This would be due to the electron cyclotron resonance heating electrons203

in the perpendicular direction.204

Figure 6 shows anisotropic heating ratio of electrons for three simulations with εB = 0.02,205
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0.1, and 0.2 at βe = 0.1, which we additionally have done to confirm the plasma beta is206

responsible for the anisotropies of wavenumber spectrum and electron heating, rather than207

|δB|2 (= εBB2
0). The development of the anisotropic heating ratio with different fluctuation208

amplitudes are almost comparable. If the heating rates of the parallel and perpendicular209

temperature components are due to linear Landau damping and linear cyclotron damping,210

respectively, the ηe should be relatively independent of fluctuation amplitudes. So the results211

of Figure 6 are consistent with the hypothesis that electron heating in our simulations is212

due to these two linear dissipation processes rather than nonlinear dissipation processes.213

IV. DISCUSSION AND CONCLUSION214

We have done two-dimensional particle-in-cell simulations for whistler turbulence at low215

(βe = 0.01), middle (βe = 0.1), and high (βe = 1.0) plasma beta condition. Our simu-216

lations show that the anisotropies of magnetic wavenumber spectrum of decaying whistler217

turbulence and electron heating decreases with increasing plasma beta.218

The cascaded fluctuation energy should finally be dissipated and converted into the elec-219

tron kinetic energy, so the cascade rate could be almost proportional to the heating rate.220

Our simulation results, showing that the electron heating of parallel and perpendicular di-221

rections becomes more isotropic at higher beta values, imply that a ratio of energy cascade222

rates between the parallel and perpendicular directions becomes more isotropic at higher223

plasma beta values.224

In linear theory, the Landau damping associated with wavenumber perpendicular to225

the background magnetic field becomes effective at high beta. The effective damping for226

obliquely propagating whistlers prevents fluctuation energy cascade in wavenumber perpen-227

dicular to the background magnetic field. We expect that this leads to more isotropic energy228

cascade rate of whistler turbulence at higher beta values, and then electron heating becomes229

more isotropic. Our simulation results indicate that electron kinetic processes are important230

in determining the properties of whistler turbulence and electron heating.231

In decaying whistler turbulence, the relative gain of electron kinetic energy becomes weak232

with increasing beta, because of lack of initial fluctuation energy compared with the electron233

thermal energy. In a realistic situation such as the solar wind where the fluctuation energy in234

the inertial range is continuously transferred into the dispersion/dissipation range, we expect235
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that electrons strongly dissipate the cascaded fluctuations. Electrons would be heated more236

isotropically at higher beta conditions by whistler turbulence.237

We propose that the beta dependence of electron heating by whistler turbulence may be238

responsible for generation of the solar wind suprathermal electron strahl distribution, which239

is a relatively high energy component with narrow pitch angle distribution streaming in the240

anti-sunward direction. Vocks and Mann 22 proposed the following process for strahl gener-241

ation by using quasilinear theory: (1) Electrons moving in the sunward direction parallel to242

the magnetic field are scattered by whistler waves propagating in the anti-sunward direction243

along the magnetic field. (2) This wave-particle interactions increase the electron kinetic244

energy and pitch angle. (3) The magnetic mirror force of the opening magnetic structure245

reflects the accelerated (scattered) electrons and focuses these electrons toward the narrow246

strahl distribution.247

This scenario would be one plausible mechanism to generate the strahl distribution;248

however, they did not discuss the beta dependence of the strahl distribution as seen in the249

solar wind observations23–25. The strahl distribution almost vanishes in sector boundaries250

of the interplanetary magnetic field where plasma beta is relatively high, whereas the strahl251

electrons have extremely narrow distributions far from sector boundaries where the plasma252

beta is relatively low. In order to generate the strahl electrons, this fact requires other253

wave-particle interaction processes beyond the electron cyclotron resonance. In a regime of254

whistler turbulence, electron Landau resonance would be an important role to explain the255

beta dependence of the strahl generation. At relatively low beta, far from sector boundaries,256

whistler turbulence scatters electrons preferentially parallel to the magnetic field as shown257

in Figure 5. The accelerated electrons are further focused in velocity space because of258

the magnetic mirror force associated with the opening magnetic field structure, and then259

form the strahl distribution. At relatively high beta conditions, like at sector boundaries of260

the magnetic field, the electron scattering by whistler turbulence tends to be more nearly261

isotropic. Electrons are not preferentially accelerated along the magnetic field, so we expect262

that the strahl distribution does not appear in the sector boundaries of the interplanetary263

magnetic field. Properties of whistler turbulence including kinetic processes would be one264

plausible generation mechanism of suprathermal electron strahl distributions in the solar265

wind.266
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FIGURE CAPTIONS309

Figure 1310

Time histories of magnetic fluctuation energy summed over wavenumbers 0.3 ≤ k ≤ 3.0,311

where wavenumber k is
√

k2
x + k2

y . Green, blue, and red line indicate βe = 0.01, 0.1, and312

1.0, respectively.313

Figure 2314

Two-dimensional wavenumber spectra of magnetic fluctuation energy |δB(kx, ky)|2/B2
0315

for the three simulations at saturated times which are defined as |Ωe|t = 500 at βe = 1.0,316

|Ωe|t = 2000 at βe = 0.1, and |Ωe|t = 3000 at βe = 0.01, as seen in Figure 1.317

Figure 3318

Time histories of wavenumber spectral anisotropy of magnetic fluctuations at βe = 0.01319

(green), 0.1 (blue), and 1.0 (red).320
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Figure 4321

Reduced electron velocity distributions at t = 0 (solid red lines) and saturated times322

(dashed blue lines). The saturated times are defined as |Ωe|t = 500 at βe = 1.0, |Ωe|t = 2000323

at βe = 0.1, and |Ωe|t = 3000 at βe = 0.01, as seen in Figure 1. These distributions are324

normalized to the maximum value at t = 0.325

Figure 5326

Time histories of anisotropic heating ratio of electrons for the three simulations defined327

as ηe at βe = 0.01 (green), 0.1 (blue), and 1.0 (red).328

Figure 6329

Time histories of ηe for three simulations with εB = 0.02 (green), 0.1 (blue), and 0.2 (red)330

at βe = 0.1.331
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